I. INTRODUCTION
Ultrafast magnetization dynamics has recently become one of the most attractive topics in condensed matter physics and its understanding is strongly desired from fundamental and technological viewpoints. [1] [2] [3] [4] [5] The study on the ultrafast magnetization dynamics and optical control of magnetization has potential applications for the developments of ultrafast spin control, [6] [7] [8] [9] spintronics, 10-12 quantum computing, [13] [14] [15] [16] and optical control of correlated spin systems. [17] [18] [19] [20] [21] Ultrashort laser pulses enable us to observe the ultrafast spin dynamics near and above room temperature in the picosecond and femtosecond regions, which could not be observed by the conventional techniques of magnetic resonance. However, the spin dynamics and spin relaxation at higher temperatures are not necessarily understood completely. In a rare-earth ion in crystals, we reported that the temperature dependence of the spin-lattice relaxation rate for the Raman process near room temperature deviates from the T 9 dependence of phonons observed at low temperatures. 22 In the study on the fast spin dynamics in condensed matter near room temperature, the optical pumping with short laser pulses is very useful. The observation of the spin relaxation 23, 24 and the free-induction-decay signal 25 of transition-metal ions in crystals and solutions have been reported, where the optically induced magnetization was detected by pickup coils and the resolution time of the detection system was of the order of nanoseconds. If the induced magnetization can be probed by optical pulses, the time resolution can be remarkably improved and the ultrafast spin dynamics in picosecond or femtosecond region can be observed. Such studies on the ultrafast spin dynamics have been reported in semiconductors, [26] [27] [28] metals, 29, 30 and strongly correlated insulators. 31 The study on the spin-lattice relaxation in MnO has not been reported so far. It is because the relaxation time is in the picosecond region and the observation of the spin-lattice relaxation by the conventional magnetic-resonance technique is not easy. In the present paper we report on the observation of optically induced magnetization and ultrafast spin relaxation in the ground state of MnO from low temperatures up to 800 K. The magnetization is created by an optical pump pulse, and spin relaxation times of the order of picoseconds or femtoseconds can be obtained from the decay curves of the magnetization. Such ultrashort relaxation times cannot be measured by the conventional electron spin resonance ͑ESR͒, whose time resolution is nanoseconds at best. The time resolution of our optical method is limited only by the temporal width of the light pulses, and investigation of ultrafast spin dynamics can be realized. In MnO, the possibility of a high-temperature short-range-order transition was discussed in the experiment of spin-polarized photoelectron diffraction. 32, 33 The observation of optically induced magnetization is very useful for the study on the high-temperature spin dynamics.
At room temperature, MnO is a paramagnetic insulator with a cubic rock salt structure. Below the Néel temperature T N = 118 K, it transforms to an antiferromagnetic phase. The transition from the paramagnetic phase to the antiferromagnetic phase at T N is driven by nearest-neighbor and nextnearest-neighbor antiferromagnetic interactions. 34 The magnetic moments on Mn atoms align ferromagnetically within a ͑111͒ plane, and these planes are stacked antiferromagnetically in the direction normal to the ͑111͒ plane. [35] [36] [37] At temperatures below T N , the magnetic system will break up into multiple domains corresponding to the antiferromagnetic stacking along different possible ͓111͔ directions within the crystal.
In the experiment, the pump-probe technique is used to observe the spin relaxation in the ground state of the divalent manganese ion in a MnO single crystal. The circular dichroism and the circular birefringence of the optical transition are responsible for the creation and the detection of the magnetization. The longitudinal spin relaxation time T 1 , which is of the order of picoseconds, is obtained from the observed decay curve of the magnetization. The spin relaxation at higher temperatures is caused by the Raman process of phonons. In many ESR measurements, the relaxation rate for the Raman process for the Kramers ion has the temperature dependence of 1 / T 1 ϰ T 9 . The temperature dependence of 1 / T 1 observed in our experiment, however, shows much smaller change than that expected from the T 9 dependence. We show that the observed T 2 dependence of 1 / T 1 can be explained by the conventional theory of spin-lattice relaxation for the Raman process of phonons.
II. EXPERIMENT
The pump pulse is provided by a Ti:sapphire regenerative amplifier and the probe pulse by an optical parametric amplifier. The wavelength of the pump pulse is 790 nm. The wavelength 900 nm is used for the probe pulse to avoid the strong absorption 38 in the visible region and to get enough transmitted intensity. We observed the decay curves of the optically induced magnetization in the picosecond region in the temperature range from 6 up to 800 K. The sample is in a temperature-controlled refrigerator for the measurement below room temperature and in a temperature-controlled metal block in a evacuated vessel for the measurement above room temperature. The circularly polarized pump pulse and the linearly polarized probe pulse are nearly collinear and focused on the sample. The thickness of the sample is 0.1 mm, and the direction of the laser beams is perpendicular to the ͑111͒ surface of the sample. The waist size of the beams at the sample is about 100 m. The pulse energy and the pulse width at the sample are ϳ2 J and 0.5 ps for the pump pulse and ϳ0.1 J and 0.2 ps for the probe pulse. The repetition rate of the pulses is 1 kHz.
The population differences, or magnetization, in the magnetic sublevels of the ground state are instantaneously created by the circularly polarized pump pulse. The created magnetization is detected by a polarimeter as the change of the polarization of the linearly polarized probe pulse.
The polarimeter 22, 39 detects the rotation of polarization plane of a light beam. A linearly polarized beam is split by a Glan prism and incident on two photodiodes whose photocurrents are subtracted at a resistor. When the Glan prism is mounted at an angle of 45°to the plane of polarization of the light beam, the two photocurrents cancel. If the plane of polarization rotates, the two currents do not cancel and the voltage appears at the resistor.
In the present experiment, the magnetization in the ground state is created by the pump pulse, and then the circular dichroism and/or the circular birefringence of the optical transition are induced in the sample. The linearly polarized probe pulse is considered to be a sum of two circularly polarized components which have the opposite polarizations and the same intensities. In the case of the circular dichroism, the induced circular dichroism creates an amplitude difference between the two circularly polarized components of the transmitted probe pulse. The two circularly polarized components are transformed by a quarter-wave plate to two linearly polarized components whose polarizations crossed each other, and the amplitude difference between the two circularly polarized components is transformed to an amplitude difference between the two linearly polarized components or a rotation of polarization plane. This rotation is detected by the polarimeter as the signal of magnetization. In the case of the circular birefringence, on the other hand, the induced circular birefringence creates a phase difference between the two circularly polarized components of the transmitted probe pulse. This phase difference results in a rotation of polarization plane, and this rotation is detected directly by the polarimeter without the quarter-wave plate as the signal of magnetization. Thus, the circular dichroism and the circular birefringence can be detected separately by the polarimeter with and without a quarter-wave plate.
The time evolution of the magnetization is observed by changing the optical delay between the pump and probe pulses. The longitudinal spin relaxation time T 1 is obtained from the decay curve of the magnetization. In order to improve the signal-to-noise ratio, the sign of the circular polarization of the pump pulse is switched shot by shot by using a photoelastic modulator, and the output signal from the polarimeter is lock-in detected.
III. EXPERIMENTAL RESULTS
The observed decay curves of the magnetization in MnO at room temperature are shown in Fig. 1. Figures 1͑a͒ and  1͑b͒ show the magnetization signal detected by the circular dichroism and the circular birefringence, respectively. The vertical axis in Fig. 1͑a͒ corresponds to ellipticity of the circular polarization and that in Fig. 1͑b͒ corresponds to Faraday rotation angle in radian. As in seen in Fig. 1 , the signal detected by the circular birefringence is larger than that by the circular dichroism in our experimental condition. The detection by the circular birefringence corresponds to that of time-resolved Faraday rotation. 3 The temperature dependence of the decay curve of the magnetization in MnO detected by the circular birefringence is shown in Fig. 2 , where the vertical axis is Faraday rotation angle. The obtained longitudinal relaxation times are 58, 102, 88, and 50 ps for 6, 120, 440, and 740 K, respectively. The relaxation time at low temperatures is ϳ60 ps. Near the Néel temperature, it increases abruptly to ϳ100 ps, and then decreases gradually as the temperature is increased.
The temperature dependence of the longitudinal relaxation rate 1 / T 1 in MnO obtained from the observed decay curve of the magnetization is shown in Fig. 3 . Figure 4 shows that at lower temperatures. The spin relaxation rate at low temperatures is nearly constant up to 80 K. A stepped decrease in the relaxation rate appears near the Néel temperature. Then, above 120 K, it increases gradually and monotonously as the temperature is increased. In our experiment, the spin relaxation in the picosecond region can be observed in the very wide range of temperature between 6 and 800 K by using the ultrafast polarization spectroscopy. However, there is no order change in the spin relaxation rate, and the ratio of the maximum and minimum values of the relaxation rate is less than three in the whole temperature region. This is considered to be because the temperatureindependent spin-spin relaxation dominates at lower temperatures.
IV. DISCUSSION
The spin-lattice relaxation at higher temperatures is explained by the Raman process of phonons. In the Raman process, the population distribution in the magnetic sublevels of the ground state is changed through a process caused by a phonon pair. One phonon is absorbed and induces the transition from one of the ground state to a virtual state, and at the same time the other phonon is emitted and induces another transition from the virtual state to the other of the ground state. Any two phonons can take part if their frequency difference is equal to the resonance frequency of the magnetic system, and then the Raman process becomes dominant at higher temperatures where many thermal phonons exist. The observed spin relaxation at higher temperatures is considered to be caused by the Raman process of phonons. In many materials studied by ESR at low temperatures, the spin-lattice relaxation rate due to the Raman process for the Kramers ion shows the temperature dependence 1 / T 1 = CT 9 . The temperature dependence of 1 / T 1 in Fig. 3 obtained in our experiment at higher temperatures, however, has much smaller change than that expected from the T 9 dependence. The observed spin relaxation rate is considered to be a sum of the temperature-independent spin-spin relaxation and the temperature-dependent spin-lattice relaxation. The latter seems to have a T 2 dependence rather than the T 9 dependence at higher temperatures. Here, in order to explain this experimental results, we consider the Debye model of lattice vibration. Turning back to the beginning of the theory of the Raman process, the expression of the relaxation rate due to the Raman process for the Kramers ion is presented by 40 1
where K is a constant determined by the interaction between the magnetic ions and the lattice vibrations, is the phonon frequency, and m is the maximum phonon frequency corresponding to the Debye temperature D ͑ប m = k D ͒. Equation ͑1͒ means that the Raman process is caused by the phonons with frequencies below m . In the case of low temperatures ͑T Ӷ D ͒, the upper limit D / T of the integral in Eq. ͑1͒ can be regarded as infinity, and the integral becomes a constant. Then the well-known T 9 dependence is derived from Eq. ͑1͒. In most of the conventional ESR studies on the relaxation, T Ӷ D is a good approximation and the T 9 dependence is valid for the relaxation analysis.
In the case of higher temperatures ͑T Ն D ͒, the integral in Eq. ͑1͒ can no longer be regarded as a constant but depends on the temperature. In such a case, as in the case of our experiment, we have to consider the relaxation rate in Eq. ͑1͒ taking account of the temperature-dependent integral. Equation ͑1͒ can be rewritten as
When D / T → ϱ, the integral approaches 8! and f͑T / D ͒ → 1. Then Eq. ͑2͒ becomes 1 / T 1 = CT 9 . When D / T → 0, on the other hand, the integrand approximates to x 6 ͑x Ӷ 0͒ and the spin-lattice relaxation rate is expected as 1 / T 1 ϰ T 2 .
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The Debye temperature for MnO is known as D = 230 K. 41 The solid curve in Fig. 3 presents a best fit to the observed data of 1 / T 1 above 120 K, where the fitting function is
͑4͒
The fitting parameters are A = ͑9.8Ϯ 1.0͒ ϫ 10 9 s −1 and C = ͑1.3Ϯ 0.2͒ ϫ 10 −7 s −1 K −9 . The constant term represents the spin-spin relaxation and the second term represents the spin-lattice relaxation. Figure 5 shows the log-log plot of the temperature dependence of the spin relaxation rate in Fig. 3 . The solid circles are the observed spin relaxation rate. In order to clarify the contributions from each term, the constant spin-spin term A and the Raman-process term CT 9 f͑T / D ͒ are also shown separately by the dotted line and the broken curve, respectively, in Fig. 5 . As is seen, the spin relaxation in MnO below room temperature is dominated by the temperature-independent spin-spin relaxation. The spinlattice relaxation becomes dominant above room temperature where the Raman process of phonons shows the T 2 dependence instead of the T 9 dependence. Our experimental results are explained well by the sum of the spin-spin relaxation and the Raman process of phonons in Eq. ͑4͒. The T 2 dependence at higher temperatures is caused by the lack of high frequency phonons in the Raman process; the distribution of the phonon frequency has the upper limit corresponding to the Debye temperature.
In the previous work on a rare-earth ion doped in crystals, 22 we reported that the temperature dependence of the spin-lattice relaxation rate for the Raman process has a T 9 dependence in low temperatures but deviates from that near room temperature. In dilute spin systems such as the previous case, the contribution of the spin-spin relaxation is negligible even at low temperatures and the contribution of the Raman process of phonons dominates in a wide temperature range. In dense spin systems such as the present case, however, the distance between magnetic ions is short and the temperature-independent spin-spin relaxation dominates up to room temperature. The contribution of the Raman process appears above room temperature where the spin-spin relaxation rate is proportional to T 2 . The spin-spin relaxation is caused by the magnetic interaction between the manganese ions, which contains the magnetic dipole interaction and the exchange interaction. At low temperatures below the antiferromagnetic phase transition point, the magnetic long-range order among the manganese spins builds up. The spins reversed by the optical pulse are brought back to the ordered state through the magnetic interaction. The long-range order accelerates the bringing back and increases the spin relaxation rate. Above the Néel temperature, the long-range order is lost and the acceleration is reduced. This results in the stepped decrease in the spin relaxation rate near the Néel temperature.
Another possibility for the decay of probed magnetization is magnetization transport from the excited spot due to the spin diffusion. To examine this possibility, we tried to observe the transported magnetization created by a separated pump beam from the probe beam. However, no magnetization signal was observed for the separation of ϳ100 m. The spin diffusion has small contribution to the magnetization decay in MnO.
In classical simple spin systems, spin-spin interactions are considered to conserve the total magnetization and the decay of magnetization is not expected. In quantum spin systems in solids, on the other hand, the decay of magnetization occurs, where the dephasing time is very short and the dephasing process or decay of off-diagonal density-matrix elements be- Fig. 3 . The solid circles are the observed spin relaxation rate and the solid curve presents a best fit of Eq. ͑4͒ to the observed data of 1 / T 1 above 120 K. The contributions from the constant spin-spin term A and the Raman-process term CT 9 f͑T / D ͒ are also shown separately by the dotted line and the broken curve, respectively. tween up and down spin states plays an important role. 42 The theoretical investigation of spin-spin relaxation, or spin cross relaxation, was initiated by Bloembergen et al. 43 and Grant. 44, 45 In a theory of the cross relaxation for randomly distributed dilute spin systems, the decay curve of exp͑− ͱ ⌫t͒ is predicted. 42 However, there is no appropriate theory of spin-spin relaxation that gives the relaxation time directly corresponding to the present case.
Here we estimate the lower limit of the relaxation time of magnetization in MnO using the second-moment method, which is used to calculate the spectral broadening due to the spin-spin interaction in magnetic resonance. 46 The second moment ͗͑⌬͒ 2 ͘ for the magnetic dipole-dipole interaction for like spins is given by 47 
͗͑⌬͒
2 ͘ = 3 5
where g, B , and S are the g factor, Bohr magneton, and spin angular momentum, respectively. The distance r jk between manganese ions can be obtained from the cubic rock salt structure and its lattice constant a = 0.443 nm. Substituting S =5/ 2 and g = 2 and taking account of the nearest-neighbor and next-nearest-neighbor ions, the inhomogeneous frequency broadening calculated from Eq. ͑5͒ is given by ⌬ ϳ 14 GHz. Assuming a Gaussian line shape, the lower limit of the relaxation time T d for the magnetic dipole-dipole interaction is obtained as
In MnO the exchange interaction has to be taken into account. Next we estimate the lower limit of the spin-spin relaxation time in MnO using the uncertainty principle ⌬E ⌬t Նប. If we consider the exchange energy J ϳ 15 K ͑Ref. 34͒ as the uncertainty ⌬E of energy, the uncertainty of time becomes ⌬t Նប/ ⌬E ϳ 0.5 ps. This tells us that the spin-spin relaxation time is longer than 0.5 ps. These estimations above are not inconsistent with the observed spin-spin relaxation time ϳ60 ps at low temperatures, but do not present the spin-spin relaxation time itself.
In the experiment of spin-polarized photoelectron diffraction, an abrupt change in the temperature dependence of x-ray photoelectron spectrum was observed in KMnF 3 ͑Ref. 48͒ and MnO ͑Ref. 32͒ and a high-temperature short-rangeorder transition was discussed. In MnO, it was suggested that a short-range-order transition occurs at ϳ530 K. 33 In the present experiment, however, no anomalous change in the spin relaxation rate was observed around the corresponding temperature, while its large change was observed near the long-range-order transition temperature T N . The transmitted probe pulses are used in the present experiment, and the information on bulk spins is provided. In the experiment of spin-polarized photoelectron diffraction, on the other hand, the information on spins in a few layers from the surface is provided. Our experimental result supports the Monte Carlo study on simple-cubic Ising lattices, 49 where the observed abrupt change in the photoelectron spectrum was suggested to be due to a surface-specific magnetic transition.
V. SUMMARY
We observed the optically induced magnetization and the ultrafast spin relaxation in an antiferromagnet MnO by using pump-probe polarization spectroscopy. The spin relaxation time in the picosecond region in the wide temperature range from 6 up to 800 K was measured by the optical method. The observed spin relaxation is the sum of the spin-spin relaxation and the spin-lattice relaxation. At lower temperatures below room temperature, the temperature-independent spinspin relaxation is dominant. A stepped decrease in the spin relaxation rate was observed near the Néel temperature where the long-range order is lost. At higher temperatures above room temperature, the temperature-dependent spinlattice relaxation is dominant. The observed values of the spin-lattice relaxation rate at higher temperatures cannot be explained by the well-known T 9 dependence for the Raman process of phonons. We considered the Debye model of lattice vibration, and the observed T 2 dependence is explained by taking account of the effect of the Debye temperature of the crystal. No anomalous change in the spin relaxation rate was observed around the temperature where the abrupt decrease of short range order was suggested in the experiment of spin-polarized photoelectron diffraction.
